objective Two principal vector species, Aedes aegypti and Aedes albopictus, are known for transmission of dengue (DEN) and chikungunya (CHK) in Pakistan. We aimed to investigate their spatial and temporal distribution.
Introduction
Dengue (DEN) and chikungunya (CHIK) are arboviral diseases transmitted by bite of Aedes mosquitoes [1] , with Aedes albopictus and Aedes aegypti being the principal vectors [1, 2] . Aedes (Stegomyia) albopictus (Skuse), (Diptera: Culicidae), is an invasive species with substantial biting activity, high disease vector potential, and a global distribution that continues to expand [3] . In Pakistan, A. albopictus is widespread especially in the north-west [4, 5] . In contrast, A. aegypti is 'not a common species' [4] in these areas.
Dengue is considered the most important arboviral disease of humans, greatly affecting the tropical and subtropical regions of the world [1, 6, 7] . All four serotypes of dengue virus (Den-1, Den-2, Den-3 and Den-4) are transmitted by A. aegypti [8] . In Pakistan, Den 1-3 have been reported; Den 2 and Den 3 being as the predominant serotypes in major epidemics [9] .
On the Indian subcontinent, DEN virus was first isolated in Calcutta, India in 1945 [10] . The infection was endemic in India for over two centuries as a benign and self-limiting disease [11] . However, since 1963 extensive epidemics of dengue fever have been reported in the region [10] , mostly across India. During the last two decades, DEN infections have caused major outbreaks such as the 1996 Delhi epidemic, indicating a serious resurgence of dengue virus infection [8] . DEN virus is similarly considered endemic in neighbouring Pakistan but perhaps due to a lack of surveillance and diagnosis, no outbreaks were reported until the epidemic in the port city of Karachi in 1994 [12] . As in India, several outbreaks of dengue have surfaced almost every year in the urban agglomerations of Karachi (population 14.91 m) and Lahore (population 11.13 m) making it a public health challenge for provincial and federal governments.
Chikungunya presents a similar history on the subcontinent. The first epidemic was observed in 1964 in India [13] , and the most pronounced epidemic occurred during [2004] [2005] [2006] [2007] [14] . In Pakistan, CHIK virus was found circulating in rodents as early as 1983; a major epidemic broke out in 2016 in Karachi [15] . So far three lineages of CHIK virus have been identified: CHIK 1 from the Indian Ocean/Indian outbreaks represents the Central/ East African viral clade, which is distinct from the Asian CHIK 2 and West African CHIK 3 clades [14, 16] .
Chikungunya and dengue infections are considered clinically indistinguishable as they share vectors, geographic distribution, seasonal trends and clinical features [13] . Reports of co-infections with DEN and CHIK viruses are increasing, particularly after the emergence of CHIK on the Indian Ocean in 2005-2006 [17] .
Peshawar valley in Khyber Pakhtunkhwa (KP), Pakistan, experienced its first dengue epidemic in 2017, encompassing a large geographic area and a number of districts. Simultaneously, a smaller chikungunya outbreak was observed for the first time in KP in the district of Swabi. This study explores infections of chikungunya and dengue in Swabi and investigates spatial patterns of their co-occurrence, also highlighting the risk zones in the region. The distribution modelling of the vector species Aedes albopictus described here displays its current climatic suitability in its native range and subsequently reflects on the climatic suitability for DEN and CHIK transmissions.
Methods
Peshawar valley includes the districts of Peshawar, Charsadda, Nowshera, Mardan, Swabi and parts of Malakand, Mohamand and Khyber Agencies [18] . The study area, Swabi district, occupies the southern and south-western parts of Peshawar valley. Swabi has a complex geography with an elevation ranging from 360 to 2250 m covering 1543 km 2 and lies between latitude 34-0 0 and 34-25 0 N and longitude 72-9 0 and 72-40 0 E [19, 20] .
Clinical data
This study focuses on contemporary but separate reports of chikungunya and dengue from Swabi in 2017. Data spanning approximately one month (September to October 2017) for the chikungunya outbreak (that occurred exclusively in Swabi) and five months (June to October 2017) for the dengue epidemic (that mainly hit Peshawar city while gradually spreading to the whole province of KP) were included for geostatistical analyses. Data on chikungunya cases (n = 235) were provided by the District Health Officer (DHO, Swabi) and APP (Associated Press of Pakistan). Some cases were confirmed as CHIK-positive by qualitative RT-PCR by the National Institute of Health (NIH), Islamabad. Other cases included symptomatic CHIK infections consistent with CHIK fever from the area of outbreak. Case reports of dengue in Swabi (n = 151) were taken from a consolidated line list provided by the Ministry of Health, Khyber Pakhtunkhwa. DEN-positive cases were established by NIH using the NS1 antigen assay. Other cases were described as symptomatic DEN infections. These included reports consistent with DEN fever although patients were either not tested for NS1 antigen or were NS1-negative. An epidemiological profile was determined using clinical data for chikungunya and dengue. Missing or redundant data were discarded.
Vector profile
A short survey of residential areas of Swabi was conducted during the post-monsoon period (SeptemberOctober 2017) to obtain presence records of Aedes albopictus. Larval collections were made randomly from various households in Dobian, Nazar, Managi, Zaida, Kalabat and Kotha. Water-holding containers were visually inspected for the presence of Aedes larvae. Larval sampling was performed once at each site using the Dip collection method [21] . A few larvae from each site were taken to the entomology laboratory of Department of Zoology, University of Peshawar for taxonomic identifications. A total of 220 sampling points in residential areas of Swabi confirmed the presence of Aedes albopictus and were further used for spatial mapping of the vector.
Analyses
Mosquito dynamics are very important to understand the spread patterns of dengue and chikungunya. A survey was conducted during a period of two months to determine presence of A. albopictus in 220 observation points across Swabi. To model the potential distribution of A. albopictus, a set of physical factors and anthropogenic factors was derived which comprised bioclimatic factors, elevation and Normalized Difference Vegetation Index (NDVI) as well as land cover dynamics. Climate conditions such as temperature and precipitation are the most significant factors in determining the ecological niche of A. albopictus. 19 bioclimatic variables (worldclim.org) developed by Hijmans et al. [22] were derived to determine the intra-annual temperature and precipitation variations. The variables are highly correlated [23] , so only significant non-correlated variables were used at a resolution of approximately 1 km. They were: Bio 1 (annual mean temperature), Bio 8 (mean temperature of wettest quarter), Bio 9 (mean temperature of driest quarter), Bio 10 (mean temperature of warmest quarter), Bio 11 (mean temperature of coldest quarter), and Bio 12 (annual precipitation). Temperature and precipitation variations affect the mortality of mosquito populations directly. Development time and growth are hampered at temperature extremes and in dry conditions [24, 25] . Similarly, elevation contributing to mosquito dynamics because altitude determines the climatic conditions in a region. The elevation gradient in Swabi ranges between 299 and 2195 metres. Elevation was derived from SRTM [26] at 90 metres resolution. NDVI computes the greenness of land, capturing the combined effect of temperature, humidity, insolation, elevation, soils, land use, and precipitation on vegetation. NDVI is biologically meaningful index of environmental conditions affecting mosquitoes [27] .
Based on these factors, the potential ecological niche of A. albopictus was identified using MaxEnt algorithm [28] , a model known for its efficiency and predictive power [29] . The vector distribution layer generated using MaxEnt was further used to predict disease distribution and potential risk.
Geostatistical analyses of DEN and CHIK
Geostatistical analyses were carried out for dengue and chikungunya infections to highlight areas at greatest risk. The study also aimed to determine correlation (if any) between the occurrences of the two diseases in Swabi. A number of environmental layers were generated for geostatistical analyses. For the vector, this layer was generated in MaxEnt.as mentioned above. Other layers were generated in Arcmap 10.2.
For DEN approximately 151 and for CHIK about 235 observation points were used for geostatistical analyses. The basic assumption of classical statistical modelling is that the observations are independent of each other and they only depend on certain number of covariates. However, this assumption becomes unrealistic when the purpose is to establish the spatial distribution of the underlying attribute, because the covariates by themselves might exhibit spatial dependence [30] . For example, in dengue cases, we can obviously anticipate that contiguous cases are correlated because of the levels of different covariates such as population density, distance to roads, elevation, temperature, precipitation and many other variables. Hence the distance between observations plays a critical role in quantifying the spatial distribution of dengue cases. This can be done by kriging with external drift [31] . In this approach, the aim is to first model the binary presence absence data using the generalised logistic linear model with available covariates and select the best fit model. In kriging terminology, this best fit model is actually an external drift and needs to be removed from the data before a kriging prediction is made. The resulting residuals are then used for distance or neighbourhood-based prediction. The external drift is added back to the final prediction map of residuals to get the actual predictions. We employed the model-based approach [32, 33] , which is implements a hierarchical model using a logit transformation. The covariance parameters are estimated from residual variogram modelling, and assumed known for the above stated algorithm. Several R [34] packages such as GSIF [35] and geoRglm [36] are available for computing the binomial kriging prediction. The geoRglm function binom.krige carries out conditional simulation by Markov chain Monte Carlo (MCMC) and spatial prediction in the logistic geostatistical model for fixed covariance parameters [32] .
Ethical considerations
Data were obtained from the government institutes of Khyber Pakhtunkhwa, Pakistan; identities, addresses and contact numbers of the patients were kept anonymous. Geographic coordinates for DEN and CHIK samples were identified using Google Earth with an approximate accuracy of 100 metres to maintain the privacy of the patients. Therefore no ethical approval was required for the study.
Results
Our results demonstrated a well-defined distribution of Aedes albopictus in Swabi, with highly likely presence in the union councils of Topi east, Kota, Bam Khel, Manin Pyan, Maniri Bala, Kunda, Shah Mansoor, Turlandi, Kala Khan, Adena, Yar Hussain Imaila (Figure 1 ).
Both anthropogenic and climatic factors contributed to the probability of presence of Aedes albopictus in Swabi. Among a set of nine variables employed in analyses, MaxEnt revealed the usefulness of five in determining the spatial distribution of the vector (Table 1) . Land use cover was the most important (63.1%) in Swabi; elevation was the second factor significantly shaping its ecological range (10.9%), followed by normalised difference vegetation index (8.5%).
Our results reflected the significance of precipitation and temperature variables in spatial analysis. Annual precipitation was found to be vital for the subsistence of A. albopictus (7.9% contribution). The maximum permutation value was also observed for this factor (28.4). The temperature variables showed differing effects on vector ecology with annual temperature being the most important factor (6.3). Mean temperature of warmest and driest quarters were both crucial for distribution of Aedes species. However, mean temperatures of the wettest and coldest quarters played a negligible role.
These variables consequently describe the climatic suitability of Aedes albopictus in its native range as exemplified by district Swabi. The optimal mean annual temperature required for its propagation was 21-23°C while the upper limits of tolerance for species were 30-32°C. During the driest quarter of the year, however, the upper limits of temperature tolerance were greatly reduced (16.5-17.5°C). Elevations of 250 m above sea level showed the highest probability of presence of the vector species. As for NDVI, our results interpreted the occurrence of vector in areas characterised by minimum vegetation such as built-up spaces or uncultivated fields (À0.1) to areas with sparse vegetation such as shrubs, grasslands, cultivated fields (0.2) as shown in Table 2 .
Environmental layers generated for geostatistical analyses A set of five variables was used in predicting the patterns of spatial distribution and occurrence of dengue and chikungunya. These were: vector distribution, distance from rivers, distance from roads, human population density and degree of urbanisation. The resultant environmental layers generated for geostatistical analyses are illustrated in Figure 2 . By comparing the five maps it is evident that probability of vector's presence is highest in regions characterised by numerous rivers and tributaries, high human population density, subsequent build-up and well-connected road networks.
Geostatistical analyses
The first step in determining the distribution of CHIK and DEN included Logistic regression analysis. The results for respective diseases are shown in Tables 3 and  4 .
We used stepwise regression with backward selection to find the best fit model with smallest akaike-information-criterion (AIC). From Table 3 , the fitted logistic regression model shows that vector, built-up and distance to road are significantly contributing towards the distribution of chikungunya with AIC: 388.62. For the dengue distribution (Table 4) , the best fit model shows that all the variables are significant with AIC: 171.62.
The resulting residuals from the logistic regression model were used to compute the empirical variograms for both CHIK and DEN. The residual variograms were then fitted with several variogram models, of which we chose 'spherical' because it gave the best fit based on smallest error sum of squares and nugget-to-sill ratio. As a rule of thumb, one can choose the model with longest range and minimum error sum of squares and nugget-tosill ratio. The large nugget variance for dengue indicates a higher unexplained variation due to unknown natural randomness (Table 5 ; Figure 3 ).
Geospatial distribution of DEN and CHIK in Swabi district
Finally, a geospatial distribution for DEN and CHIK was modelled using Regression Kriging and Generalized Linear models. Our results show similar spatial patterns of occurrence for the two diseases (Figures 4 and 5) . As per our sampling observations most of the CHIK cases occurred in Gandaf; however, our results reflect a much wider zone with the potential of disease occurrence. Interestingly DEN shows high prediction probability in the same regions. Furthermore, the correlation between dengue and chikungunya is significant (0.7959781).
Epidemiological profile of DEN and CHIK infections
A total of 151 case reports of dengue comprised 129 DEN-positive and 22 symptomatic DEN infections (14 NS1 negative and 8 not tested). CHIK infections (n = 235) included 147 CHIK-positive and 88 symptomatic cases. Dengue infections were observed in 88 households, of which 97.7% (n = 86) had single patient infections. Chikungunya was found in 90 households, 60% (n = 54) of which had single patient infections. In contrast to dengue, multiple patient infections were detected in 40% (n = 36) of CHIK households.
Early age groups (0-9 and 10-19) were more prone to Chikungunya infections. DEN infections were comparable for most of the age groups (Table 6 ).
Dengue infections were more prevalent among male patients while the chikungunya infections were comparable for both sexes (Table 8) .
Discussion
The Indian Subcontinent has emerged as a scene of many mosquito-borne infectious diseases, including malaria, dengue and chikungunya [37, 38] . During the past few decades, the frequency of the latter two infections has increased manifold with the appearance of several outbreaks in the Indian Subcontinent [38] . Here we describe the medical geography of CHIK and DEN infections in district Swabi also taking into account the vector's distribution.
Two species, the yellow fever mosquito Aedes aegypti and Asian tiger mosquito Aedes albopictus are the known vectors of DEN and CHIK infections [2, 39] . Aedes aegypti is known from the southern port city of Karachi [40] . The species is currently expanding its range northwards through tire trade [5, 12, 41] . The mosquito has been previously identified in some parts of north western province of KP, however, it was found greatly outnumbered by A. albopictus [4] particularly in valleys with mixed vegetation such as Kohat. Aedes albopictus was first described as 'the banded mosquito of Bengal' by Skuse [42] from India [39] . Likewise the species is known to be widely distributed in neighbouring Pakistan [4, 5] . Recent Global predictive maps of the two vector species show their presence in northern regions of Pakistan [43] . However here we show the exclusive presence of A. albopictus in households of Swabi during the ongoing outbreak of Chikungunya, thus making it the potential vector. The possibility of discreet geographic niches exists for the two species [43] . Shared habitats sites and shifts in biotic abundance and spatial distribution of resident populations of A. albopictus or A. aegypti after the establishment of the other species suggest that competitive displacement occurs. Moreover, the competitive advantage of A. albopictus has been well documented [44] . In this scenario A. albopictus seems to be the most suitable vector species in the spread of the two vector borne diseases in our study area.
Aedes albopictus has already been documented from Swabi [45] . In the wake of the ongoing CHIK outbreak in the district and the larger dengue epidemic in KP province it was deemed necessary to determine the spatial distribution of this species as recent outbreaks and reemergence of Chikungunya in the Indian Ocean basin were driven primarily by A. albopictus [3] although the species was formerly regarded as a secondary vector vs. to the presumed primary vector A. aegypti [46] .
Land Use cover is the most important limiting factor affecting the distribution of Aedes albopictus in Swabi (Table 1 ). The presence of probability for A. albopictus is high in heavily populated areas with high build-up as shown in Figure 2 . Human modification of the landscape is a feature greatly exploited by commensal species such as anthropophilic Aedes mosquitoes. Land cover factors specifically influence the presence of Aedes larvae via a number of changes such as availability of suitable surface water habitats [47] . Perhaps ecologically-based land use planning, combined with improved development and sanitation, could reduce contact with an abundance of human commensal species and hence transmission of their pathogens [48] . Elevation is another factor influencing the vector species in study area (Table 1) . Previous studies depict a wide range of altitude preference by A. albopictus the species being present in all human-altered areas up to an altitude of 2000 m [49] .
The Normalized Difference Vegetation Index also contributes significantly to the distribution of vector species (Tables 1 and 2 ). These results are in accordance with previous studies revealing that the species can survive in both rural and urban environments [16] , and is better adapted to peridomestic settings with vegetation that provide its preferred larval development and resting sites [50] .
Annual temperature and precipitation were the most important climate factors affecting the distribution of A. albopictusin Swabi (Table 1 ). Previous studies indicate that climate factors, such as temperature, experienced at the larval stages, can influence the competence of adult albopictus females to vector arboviruses [46, 51] . Temperature also affects leaf litter decomposition and microbial activity in aquatic habitats, and so affects resource availability to A. albopictus larvae [24] . MaxEnt model reveals a requirement of 30-32°C of summer temperature and a 550 mm of rainfall for A. albopictus in Swabi. Other studies show that for optimal development of A. albopictus at least 500 mm of annual rainfall and a summer temperature of 25-30°C is required [52] . Most reports of the seasonal prevalence of A. albopictus have stressed its relationship with rainfall, and that the species is abundant in India during the rainy seasons [53] .
Precipitation driven population growth of A. albopictus is very important in disease transmission cycles. Both disease outbreaks investigated during the present study peaked in the post-monsoon months (September to October for CHIK and August to October for DEN). Previous studies also corroborate this finding. Peak incidence of dengue in Pakistan is associated with the post-monsoon period from August to October [9] .
Our study showed that mean temperatures of the coldest and wettest quarters did not contribute significantly in the distribution of A. albopictus in Swabi (Table 1) . Winter temperatures are not severe in the native range of A. albopictus, that is tropical, subtropical Asia. Populations are therefore non-diapausing while in the temperate zone in Asia they have dormancy during their egg stage and can withstand periods of severe cold and desiccation. Individuals of non-diapausing populations from South East Asia after invading Americas have developed diapause as an overwintering strategy to tolerate low temperatures [52, 54] .
Disease dynamics of CHIK and DEN infections
Four variables known to contribute to disease spread patterns were applied for geostatistical analyses of DEN and CHIK infections in Swabi. They included: Vector distribution; degree of urbanisation (a binary layer generated by classifying the land cover dynamics into urban and non-urban areas); human population density (derived from worldpop data [55] available at a spatial resolution of 90 metres and reclassified to 30 metres); and distance to roads, as trade and travel contribute to disease spread and dispersal [56] .
Vector distribution
The prevalence of arboviral disease like CHIK and DEN is contingent upon a variety of factors involving the insect vector [40] . Numerous recent studies have illuminated global distributions of dengue and other mosquitotransmitted diseases, yet the potential distributions of key vector species have not been incorporated into those mapping efforts [57] . Our study is a preliminary effort demonstrating the role of vector distribution in DEN and CHIK dynamics of a region. In Pakistan, two vectors are known for the transmission of these diseases. These are Aedes aegypti and Aedes albopictus. A few decades earlier Aedes aegypti was absent in several mosquito surveys in central and northern Pakistan, such as Changa Manga Forest [58] Lahore [59] and Peshawar valley [60] . The species has now invaded these regions and is currently well distributed in Swat, Lahore and Peshawar valley [20] . High build-up spots are clearly evident across the district map (Figure 2 ). These settings provide suitable habitats for A. albopictus and the species is correspondingly well established in the region (Figure 1 ). Our study confirmed the presence of A. albopictus in the Chikungunya outbreak areas of Swabi. The species had a stronger presence in areas with high build-up. Previous studies show that Urbanisation not only increases A. albopictus larval habitats but also accelerates mosquito development and survivorship [61] . In the absence of A. aegypti in Swabi, the present study describes A. albopictus as the sole vector candidate for DEN and CHIK infections. Our conclusion is supported by previous studies that regard A. albopictus as the primary vector of CHIK infections in Indian Ocean basin [3] . Aedes albopictus is also known to bridge a putative sylvatic and an urban cycle of dengue, because it colonises both rural and peri-urban breeding sites [62] thus making Swabi an ideal site for DEN transmission alsol. The role of other factors such as trade and travel cannot be ignored in this perspective which might further aggravate the ongoing epidemics.
Degree of urbanisation
The present study demonstrated the importance of buildup as an important factor contributing in disease dynamics of DEN and CHIK infections in Swabi (Tables 3 and  4 ). Both infections are strongly associated with urbanisation [63, 64] . However, we found a significantly positive impact of build-up on DEN cases (Table 4) indicating uniform transmission exclusively in the residential areas of the region. Thus transmission might be occurring near the homes. In contrast build-up had a significant but negative impact on CHIK infections (Table 3) which is probably due to the fact that most cases were reported in proximity of Gadoon Amazai industrial zone with its daily heavy road freight transport from and to the port city of Karachi where the 2017 CHIK epidemic (first in Pakistan) took place. Our results thus insinuate the travel nature of most of the cases. The presence of the vector and other factors might have further facilitated the spread and outbreak. Socio-demographic factors such as poverty are especially important in the spread of CHIK and DEN infections in urban areas of the world [65, 66] . Poverty is also persistent in district Swabi, Pakistan. The region where the CHIK outbreak occurred includes houses of the labour class working in the industrial zone. This situation is grave as a majority of the population of the district cultivates small farms for its survival [67] . This population is at great risk of CHIK and DEN infections. The reemergence of dengue-3 in different areas of the Indian subcontinent is matter of great concern and future studies are needed to help to develop effective control and management strategies against this impeding dengue menace [8] .
Population density
Our study showed that population density contributed significantly in the distribution of DEN in Swabi while nor in the case of CHIK infections. The density independence of CHIK is perhaps due to the travel nature of cases. Many households showed multiple infections supporting the assumption that the cases were travelled most probably from Karachi where a major CHIK epidemic occurred in 2016 [15] . Furthermore, DEN infections were equally distributed among different age groups; whereas CHIK infections were disproportionately high in early age groups showing that old age patients might have developed immunity as a result of prior CHIK infection (Table 7) .
Roads
The growth of human populations and the development of rapid transportation systems have made the world's biota more connected than ever before. The result has been a breakdown in biogeographic barriers and the introduction of species into novel habitats [48] . Our results accordingly reveal road networks as a significant factor affecting the distribution of both CHIK and DEN in Swabi. Previous studies also show the importance of road networks in CHIK and DEN distributions. For instance, during the outbreak on islands in the Indian Ocean, a large number of travellers from industrialised countries with a temperate climate became infected with CHIKV and were still infected on returning home. In some of these industrialised countries, Aedes albopictusa vector of CHIKV-was introduced a number of years ago and is now widespread thus resulting in CHIK infections [38] . In our case distance to roads shows a negative relation with the distribution of CHIK infections which suggests greater the distance from roads lesser the probability of CHIK cases. Thus the outbreak might have started with travel cases from Karachi (2017 CHIK epidemic) and was further facilitated by presence of the vector A. albopictus in Swabi.
Waterways
The distance to water bodies is an important variable affecting the intra urban transmission of Dengue [68] and although difficult to interpret might be a spatial and temporal determinant of the DEN infection [69] Present study depicted the importance of this variable in DEN infections across Swabi.
Occurrence of dengue and chikungunya in Swabi
Our results show that DEN and CHIK distributions are highly correlated in Swabi (Figures 4 and 5) . Global data on both diseases show a pattern of co-occurrence and cocirculation of the two in a number of geographic regions including the Indian subcontinent [13] . In Pakistan cases of Chikungunya have occurred on and off during Dengue epidemics (Table 8 ).
These regional patterns of distribution of arboviral diseases can increase severity of epidemics causing more morbidity and mortality. Previous studies have demonstrated the circulation of multiple arthropod-borne viral infections such as dengue, chikungunya and West Nile Virus among patients in Punjab, Pakistan and rightfully demanded additional screening of dengue patients for chikungunya and West Nile Viruses [70] .
Conclusions
DEN and CHIK are arboviral diseases of public health importance. They have caused suffering in the poverty struck slums of the globe and Indian subcontinent. The disease epidemiology is strongly influenced by patterns of occurrence of vector species. Furthermore, the spatial distribution of both diseases is highly correlated. An effective vector control programme in at-risk areas will ensure a future decline in epidemics and relief for the public. 
